In order to characterize the monocytic cell line THP-1 and its mature, macrophagelike form treated with phorbol 12-myristate 13-acetate (PMA), we have conducted an oligonucleotide microarray assay and compared the results with those from an assay of human monocytes and macrophages. We found that early THP-1 cells have a pattern of gene expression distinct from monocytes, and when treated with PMA, certain genes which are induced in macrophages, such as apolipoprotein-E, matrix metalloproteinase 9 and α2 macroglobulin are also induced in the PMA-treated THP-1 cells (THP1PMA cells). However, these were some genes which are conversely regulated among macrophages and THP1PMA cells such as interleukin-1-β and the overall correlation coefficient was not very high. It is shown that, although certain morphological and other characteristics of PMA-differentiated THP-1 cells are similar to macrophages, from a transcriptomic view, the two are different. This suggests a need for careful recognition of and allowance for this difference when interpreting the results of experiments done with THP-1 cells in which it is otherwise assumed they are representative of the macrophage. J Atheroscler Thromb, 2004; 11: 88-97.
Introduction
THP-1 cells were first established from a human with acute monocytic leukemia (1) , and characterized for their ability to phagocytose as well as to produce lysosomes and esterase. Subsequently it was shown that by treating THP-1 cells with phorbol 12-myristate 13-acetate (PMA), the cells became adherent to glass and exhibited striking morphological similarities to macrophages (2) . Moreover, lipid accumulation was observed when these cells were cultured in a medium containing acetylated low-density lipoprotein (LDL) (3) , and the receptor for acetylated LDL was subsequently found to be expressed (4) . Thus, PMA-treated THP-1 cells (THP1PMA cells) have been employed as a representative macrophage cell line and used as an investigative model in the study (6) of atherosclerosis and foam cell formation in vitro (4, 5) .
However, one obvious difference is that while monocytes undergo apoptosis in vitro when they are not stimulated with such cytokines as macrophage colony-stimulating factor (M-CSF) or granulocyte-macrophage colonystimulating factor (GM-CSF), THP-1 cells grow indefinitely without such stimulation. Also, it has been reported that in certain subtypes, THP-1 cells do not express scaven-ger receptor activity upon PMA treatment (7) . Furthermore, the induction of the liver x receptor alpha (LXRα) gene is not observed in THP1PMA cells, in contrast to our previous reported finding of the induction of this important receptor gene in macrophages (8) . We studied the gene expression profile of THP1PMA cells and compared it with the expression profile of macrophages by means of oligonucleotide microarray analysis. Oligonucleotide microarray analysis has been shown to be a powerful method for analyzing gene expression profiles, and its reproducibility is higher than other large scale expression profile analysis methods (9) , making reliable comparison between different experimental results possible.
Materials and Methods

Cell culture and PMA induced differentiation
THP-1 cells (American Type Culture Collection, Manassas, VA, USA) were maintained in RPMI 1640 medium (Life Technologies, Inc, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (SIGMA, St Louis, MO, USA) at 37°C and 5% CO2 in a humidified incubator. To differentiate THP-1 cells, PMA (SIGMA) was added to a final concentration of 0.2 µm and cultured for 72 hours or 7 days. Peripheral blood monocyte cells (PBMC) were isolated from normal human healthy volunteers and enriched by centrifugation with Ficoll-Paque Plus (Pharmacia Biotech, Uppsala, Sweden), and then were separated using magnetic beads conjugated with anti-human CD14 antibody as described previously (8) . Some of them were immediately used for microarray analysis. The rest were maintained in RPMI 1640 medium (IWAKI, Chiba, Japan) supplemented with 10% fetal bovine serum containing 50 µg/ml GM-CSF or M-CSF (SIGMA) for either 72 hours or 7 days and then analyzed with an oligonucleotide microarray.
Oligonulceotide microarray analysis of cRNA
Oligonulceotide microarray analysis was performed as described previously (10) . Briefly, total RNA was extracted with ISOGEN (Nippon Gene Inc, Japan) from 5 × 10 6 of cultured cells, and reverse-transcribed using a T7-linked oligo (dT) primer (TaKaRa, Kyoto, Japan). Next, in vitro transcription (IVT) was performed using a BioArray HighYield RNA Transcript Labeling Kit (Enzo Diagnostics, NY, USA) and the cRNA product was fragmented. The fragmented IVT product was hybridized on a HuGene FL GeneChip array (Affymetrix, Santa Clara, CA, USA) for 16 hours at 45°C. After washing and staining with 5.0 µg/ml streptavidin/phycoerythrin (Molecular Probes, Eugene, OR, USA) and 2.0 mg/ml acetylated BSA (SIGMA) using a FluidicsStation (Affymetrix), the GeneChip was scanned with a Hewlett-Packard GeneArray scanner (Affymetrix).
Quantitative analysis
The expression level of each gene and the fold change between the experiments was calculated using GeneChip software (Affymetrix). The average difference of each experiment was normalized to 100. The criteria for a significant induction of a particular gene was an average difference equal to or more than 100 after stimulation, and a fold change equal to or greater than 10. When the average difference of a particular gene was not more than 100 before and after stimulation and the fold change was between -2 and 2, we regarded the gene as unexpressed and unchanged.
Northern blotting
Total RNA was extracted from cells using ISOGEN reagent. 15 µg of total RNA were denatured with formaldehyde/formamide and resolved by electrophoresis on 1.0% agarose gel containing formaldehyde. RNA was then transferred onto a Hybond XLmembrane (Amersharn Biosciences KK, Tokyo, Japan), which was hybridized at 68°C for one hour using ExpressHyb Hybridization Solution (Nippon Becton Dickson, Tokyo, Japan) as the hybridization buffer and washed twice. The probes used were cDNA fragments of LXRα (0.4 kb), apolipoprotien E (ApoE; 0.4 kb), ATP-binding cassette 1 (ABCA1; 0.5 kb), peroxisome proliferators-activated receptor gamma (PPARγ; 0.5 kb) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 0.6 kb). They were labeled with [α-32 P]dCTP using a BcaBEST kit (TaKaRa) and purified with a G-50 column.
Results
We compared the gene expression level of THP-1 cells and monocytes and the results are shown in Table 1 and Table 2 . When THP-1 cells were treated with PMA, there were 75 genes significantly induced 7 days after treatment. Table 3 shows the top 10 genes most profoundly induced by PMA differentiation in THP-1 cells. Scavenger receptor type A is reported to be induced on THP-1 cells by PMA stimulation and a relatively weak induction was observed in our experiment ( Fig. 1 ). When monocytes were treated with GM-CSF, 104 genes were significantly induced 7 days after treatment. Table  4 shows the 10 genes most profoundly induced by GM-CSF differentiation in macrophages.
Of the genes that were significantly induced, 17 were induced both in THP1PMA cells and GM-CSF-treated monocytes. The list of these genes is shown in Table 5 . On the other hand, genes that were significantly induced in PMA-treated THP-1 cells, but remained unexpressed and did not change significantly in GM-CSF-treated monocytes are shown in Table 6 . Likewise, genes that were significantly induced in GM-CSF-treated mono- The number under THP-1, THP1PMA 7d, monocyte, GM-CSF 7d denotes the average difference of each gene. The table is sorted by the average difference of THP-1 in descending order. The average difference is normalized to 100 in each experiment. THP1PMA 7d: THP-1 cells treated with PMA and cultured for 7 days, GM-CSF 7d: monocytes differentiated into macrophages with GM-CSF and cultured for 7 days, fold change THP-1: fold change of THP1PMA 7d versus THP-1, fold change MΦ: fold change of GM-CSF 7d versus monocyte. The number under monocyte, GM-CSF 7d, THP-1, THP1PMA 7d denotes the average difference of each gene. The table is sorted by the average difference of monocyte in descending order. The average difference is normalized to 100 in each experiment. GM-CSF 7d: monocytes differentiated into macrophages with GM-CSF and cultured for 7 days. THP1PMA 7d: THP-1 cells treated with PMA and cultured for 7 days, fold change MΦ: fold change of GM-CSF 7d versus monocyte, fold change THP-1: fold change of THP1PMA 7d versus THP-1. The number under THP-1, THP1PMA 3d, THP1PMA 7d, monocyte, GM-CSF 7d denotes the average difference of each gene. The table is sorted by the fold change of THP1PMA 7d versus THP-1 in descending order. The average difference is normalized to 100 in each experiment. THP1PMA 3d or 7d: THP-1 cells treated with PMA and cultured for 3 or 7 days, GM-CSF 7d: monocytes differentiated into macrophages with GM-CSF and cultured for 7 days, fold change THP-1: fold change of THP1PMA 7d versus THP-1, fold change MΦ: fold change of GM-CSF 7d versus monocyte. the result with the average difference obtained in the GeneChip experiments ( Fig. 1 ).
To distinguish between the overall gene expression patterns in these cells, we have performed a correlation coefficient analysis between THP-1 cells and monocytes in their differentiated form. The result is shown in Table 8 .
Complete data of the GeneChip results including the average difference and fold change of monocytes, macrophages, THP-1 cells and their stimulated form can be downloaded at http://www.med.rcast.u-tokyo.ac.jp/ project/THP-1/THP-1.htm
Discussion
THP-1 cells were originally established from an acute monocytic leukemia patient (1). Subsequently it was determined that upon treatment with PMA they became adherent to glass, a change characteristic of the differentiation of monocytes to macrophages (2) . As a result, PMA-treated THP-1 (THP1PMA) cells have been widely used as a cell line suitable for the study of macrophages. In addition to THP1PMA cells being morphologically similar to macrophages and gaining the ability to adhere to glass upon stimulation, it was also found that they express receptors for acetylated LDL (later shown to be scavenger receptor type A: SR-A) (11), apolipoprotein E (apoE) (13) and lipoprotein lipase (LPL) (12), cytes, but remained unexpressed and did not change significantly in PMA-treated THP-1 cells are shown in Table 7 .
In order to confirm the GeneChip results, Northern blotting of several genes was performed and we compared all of which are accepted as differentiation markers in macrophages.
Atherosclerosis has been reported to start as fatty streak lesions which contain foam cells, mainly of macrophage origin (14) . The urgency of elucidating the mechanisms by which macrophages become foam cells and help to drive this pathology is a persistent need often voiced in the literature in this research field.
Not only do the THP1PMA cells express the scavenger receptor, but it was found that, when cultured in medium containing acetylated-LDL, lipid accumulation takes place, an event which is thought to be the primary mechanism of foam cell formation in macrophages (3).
Thus, THP1PMA cells have been used in studies aimed at elucidating the formation of foam cells from macrophages. However, THP1PMA cells have often been observed to de-differentiate when cultured for a sufficiently long time after differentiation, an event not observed with macrophages.
Furthermore, although we have shown that LXRα, a nuclear receptor, is induced during the differentiation from monocytes to macrophages (10), this receptor is not induced in THP1PMA cells. It has recently been shown that THP-1 cells themselves are not uniform, and that a subset of THP-1 cells do not express the scavenger recep-tor even when treated with PMA, demonstrating the heterogeneity of this cell line (7) . These findings led us to hypothesize that although THP1PMA cells have morphological similarities to macrophages and express like genes such as SR-A, apoE and LPL, they may have important differences as well, including the specific steps in the pathway to foam cell formation. To test this hypothesis, it was necessary for us to characterize THP-1 and THP1PMA.
Cells are characterized both by what they do and how they respond to various stimuli, particularly as defined by the genes expressed within them. There are several ways to measure gene expression, e.g., semi-quantitative PCR or Northern blot analysis. But merely determining the expression level for several genes chosen in advance is not sufficient to actually characterize cells, since in response to a given stimulus genes are often expressed in several different organs. Taking SR-A for example, it has recently been reported that PMA stimulation also induced SR-A expression in smooth muscle cells (14), making detection of SR-A difficult to employ as a specific macrophage differentiation marker. Thus, a method to study many genes at once became necessary, and we decided to use oligonucleotide microarray analysis to characterize THP-1 cells and their differentiated form The number under monocyte, GM-CSF 3d, GM-CSF 7d, THP-1, THP1PMA 7d denotes the average difference of each gene. The table is sorted by the fold change of GM-CSF 7d versus monocyte in descending order. The average difference is normalized to 100 in each experiment. GM-CSF 3d or 7d: monocytes differentiated into macrophages with GM-CSF and cultured for 3 or 7 days. THP1PMA 7d: THP-1 cells treated with PMA and cultured for 7 days, fold change MΦ: fold change of GM-CSF 7d versus monocyte, fold change THP-1: fold change of THP1PMA 7d versus THP-1. treated with PMA, and compare the results with those obtained in monocytes and macrophages.
In this experiment, we showed that monocytes and THP-1 cells are quite different in their unstimulated form. For example, the top three genes most highly expressed in THP-1 cessl, i.e. cathepsin G, neutrophil elastase 2 and proteinase 3, are thought to be mainly contained in neutrophil granules and not in monocytes, although they are downregulated upon differentiation by treatment with PMA (Table 1) . On the other hand, ficolin 1, which is suggested to have a role in innate immunity (15) , or MHC class II DRα1 and interferon γ-inducible protein 30 (16) , which play important roles in acquired immunity, are not expressed in THP-1 cells, whereas they are highly expressed in native human monocytes ( Table 2) . We have also shown that some of the genes induced during differentiation from THP-1 cells to THP1PMA cells are different from those induced during differentiation from monocytes to macrophages. For example, CD14 (17) and interleukin-1-β are downregulated upon differentiation from monocytes to macrophages while they are upregulated when THP-1 cells are stimulated with PMA (Table 3) . Osteonectin, which might be involved in the process of atherosclerotic calcification (18) , and macrophage mannose receptor, which has been shown to be involved in innate immunity (19) , were highly induced in macrophages differentiated from monocytes while they remained unexpressed in THP-1 cells even after stimulation with PMA. As we have reported earlier (10), LXRα is induced when monocytes are differentiated into macrophages and this induction was not observed in THP-1 cells. This was confirmed by Northern blotting (Fig. 1) . Recently there have been several reports suggesting that LXRα might play a role in foam cell formation of macrophages through induction of ABCA1, which promotes efflux of cholesterol from macrophages (20, 21) . Our result shows that although THP1PMA cells might require exogenous stimuli in order to express LXRα, native mac- The number under monocyte, GM-CSF 7d, THP-1, THP1PMA 7d denotes the average difference of each gene. The table is sorted by the fold change of GM-CSF 7d versus monocyte in descending order. The average difference is normalized to 100 in each experiment. GM-CSF 7d: monocytes differentiated into macrophages with GM-CSF and cultured for 7 days. THP1PMA 7d: THP-1 cells treated with PMA and cultured for 7 days, fold change MΦ: fold change of GM-CSF 7d versus monocyte, fold change THP-1: fold change of THP1PMA 7d versus THP-1. The number under THP-1, THP1PMA 7d, monocyte, GM-CSF 7d denotes the average difference of each gene. The table is sorted by the fold change of THP1PMA 7d versus THP1 in descending order. The average difference is normalized to 100 in each experiment. THP1PMA 7d: THP-1 cells treated with PMA and cultured for 7 days, GM-CSF 7d: monocytes differentiated into macrophages with GM-CSF and cultured for 7 days, fold change THP-1: fold change of THP1PMA 7d versus THP-1, fold change MΦ: fold change of GM-CSF 7d versus monocyte. rophages express LXRα without such additional stimulation and so careful interpretation of the results done on THP-1 cells is necessary. Table 5 lists the commonly induced genes. Genes that have been reported to be upregulated, such as apoE (13) and α-2-macroglobulin (22) , were also upregulated in our experiment. The list indicates that macrophages and PMA-stimulated THP-1 cells do share common characteristics to some degree and if the target genes are selected accordingly, PMA-stimulated THP-1 cells may substitute for macrophage cells. Table 6 and 7 depict the genes that are uniquely induced in THP1PMA cells or macrophages. These data reveal that the differentiation pathway in THP1PMA and macrophages diverges to a certain degree. Matrix metalloproteinase 8, for example, has been reported to be expressed mainly in neutrophils and not in macrophages (23) . Fatty acid binding protein 3 (FABP3), which is strongly upregulated in GM-CSF-stimulated macrophages (Table 7) , might be an intriguing candidate for studying the mechanisms of lipid metabolism in macrophages, but our result shows that the gene is not induced in THP- Table 7 . Genes that are significantly induced in macrophages differentiated with GM-CSF but remained lowly expressed in PMA stimulated THP-1.
GenBank Gene
Monocyte The number under monocyte, GM-CSF 7d, THP-1, THP1PMA 7d denotes the average difference of each gene. The table is sorted by the fold change of GM-CSF 7d versus monocyte in descending order. The average difference is normalized to 100 in each experiment. GM-CSF 7d: monocytes differentiated into macrophages with GM-CSF and cultured for 7 days. THP1PMA 7d: THP-1 cells treated with PMA and cultured for 7 days, fold change MΦ: fold change of GM-CSF 7d versus monocyte, fold change THP-1: fold change of THP1PMA 7d versus THP-1.
1 cells upon stimulation with PMA. To compare the gene expression level as a whole, we calculated the correlation coefficient among monocytes, macrophages, THP-1 and its stimulated form (Table 8 ). While this table shows that the correlation coefficient between macrophages and PMA-stimulated THP-1 after 7 days of culture is larger than that between untreated monocytes and THP-1 cells, the similarity between M-CSF or GM-CSF is even greater, which means that PMA-stimulated THP-1 cells are less similar to macrophages derived from native peripheral blood mononuclear cells. When these various lines of evidence are taken together, a case based on convincing results can be made that the gene expression profiles of THP1PMA and macrophages are really quite different, suggesting that a rigorous identification of and accounting for is needed when interpreting the results of experiments done with THP-1 cells. M-CSF 3d or 7d: macrophages differentiated from monocytes with M-CSF and cultured for 3 or 7 days. GM-CSF 3d or 7d: macrophages differentiated from monocytes with GM-CSF and cultured for 3 or 7 days. THP1PMA 3d or 7d: THP-1 cells stimulated with phorbol 12-myristate 13-acetate and cultured for 3 or 7 days.
